The determination of many substances with a single chemical sensor or biosensor can be achieved if the selectivity of the sensor can be controlled. In this study, the selectivity control of a heme peptide (HP), which has a similar structure to the active site of enzyme peroxidase, was examined by modifying the HP with a phase-transition polymer.
As a phase-transition polymer, poly(N-isopropylacrylamide) (poly(NIPA)) was used. Poly(NIPA) dissolves in water at temperatures below the lower critical solution temperature (LCST) due to hydrophobic hydration, and precipitates at temperatures above the LCST due to the hydrophobic interaction. [1] [2] [3] [4] There have been a number of reports on the activity control of enzymes using the phase-transition effect of poly(NIPA). [5] [6] [7] In order to control the selectivity, we modified the active site of heme peptide with poly(NIPA) so as to control its structure reversibly.
In analogy with peroxidase, HP as a peroxidase model compound has a catalytic activity for H2O2 reduction. Since the active site of HP is not fully covered with an insulating polypeptide, direct electron transfer between the electrode and the heme can take place, 8, 9 and thus a HP-modified electrode works as a H2O2 sensor. [10] [11] [12] [13] [14] In addition, by using the electrode, substances to inhibit HP activity can be determined. Since the active center of HP is more accessible than that of horseradish peroxidase (HRP), in addition to small inhibitors, such as cyanide, 15 larger inhibitors, such as imidazole, 16 histamine, 15, 16 and urocanic acid, 17 can be determined. However, since HP has no selectivity for specific inhibitors, the determination of an individual inhibitor is difficult unless other information, such as the mass of inhibitors, which has been determined using a quartz crystal microbalance, is obtained. 18 In the present work, in order to control the selectivity of HP, HP-immobilized electrodes were further modified with poly(NIPA). Imidazole was found to reach the active site of HP at temperatures below the LCST, where poly(NIPA) swells, whereas to be somewhat interrupted above the LCST, where poly(NIPA) aggregates. On the other hand, the inhibition ability of histamine, which is a larger molecule than imidazole, was much less sensitive to the phase transition. Thus, the selectivity of HP for the inhibitors was found to be controlled to a certain extent.
Experimental
Preparation of 2-aminoethanethiol-poly(NIPA) 19 Poly(NIPA), whose one end is terminated with 2-aminoethanethiol (AESH), was synthesized from 10 mL N,Ndimethylformamide containing 2.34 M NIPA, 22.5 mM AESH, and 2.40 mM N,N′-azobisisobutyronitrile as an initiator at 70˚C for 15 h under nitrogen. The resulting polymer was precipitated with diethyl ether. The LCST of the polymer was determined to be 28.5˚C by a transmittance measurement in a 0.067 M phosphate buffer solution (pH 7.4) containing 8.1 mM AESHpoly(NIPA) (monomer unit).
Preparation of a poly(NIPA)-HP-modified electrode
An indium-tin oxide (ITO)-coated glass plate (electrode area ∼0.50 cm 2 ) treated with a 1.0 M sodium hydroxide aqueous solution was immersed in a 2.5% acetic acid aqueous solution containing 2.5% 3-aminopropyltriethoxysilane (APTES), and then treated with a 2.5% glutaraldehyde (GA) aqueous solution for 12 h. A HP-modified electrode was prepared by casting 30 µL of 1.0 mM HP (Sigma) and 100 mM imidazole (to prevent HP from aggregating) aqueous solutions and stored at room temperature for 8 h. Afterward, the electrode was thoroughly rinsed with distilled water. HP was immobilized on the ITO surface through the amino group of lysine or terminal valine, GA, and APTES.
A poly(NIPA)-HP-modified electrode was prepared by casting 25 µL of a 100 mM AESH-poly(NIPA) (monomer unit) aqueous solution containing 100 mM 1-ethyl-3-(3- Reduction currents for H2O2 at a heme peptide (HP)-modified electrodes are suppressed by inhibitors, such as imidazole derivatives. Although this inhibition effect allows determinations of the total inhibition ability of imidazole derivatives, it has no selectivity. In this study the selectivity control of HP-modified electrodes for imidazole derivatives was performed utilizing the thermoresponsive phase transition of poly(N-isopropylacrylamide), which was chemically immobilized on HP-modified electrodes. The inhibition ratios for imidazole derivatives appeared to be small at temperatures below the lower critical solution temperature (LCST), and to be large above the LCST. This change was ascribed to a steric hindrance caused by a phase transition of the polymer. On the other hand, the inhibition ratio for histamine, which has a larger molecular size relative to imidazole, was not significantly changed by the phase transition. Thus, the selectivity of the HP-modified electrode was found to be controllable using an immobilized phase-transition polymer. dimethylaminopropyl)carbodiimide and stored at room temperature for 3 h. The terminal amino group of AESHpoly(NIPA) was expected to react with a carboxylic group of HP via amide bonding (Fig. 1) .
Electrochemical measurements
Electrochemical measurements were performed as a batch system in a 0.067 M phosphate buffer solution (pH 7.4). A Ag|AgCl|KCl sat. and a coiled platinum wire were used as reference and counter electrodes, respectively.
After a poly(NIPA)-HP-modified electrode was polarized at +150 mV with a potentiostat LC-4C (BAS) and a steady current was obtained, a H2O2 solution was added into the electrolyte solution (final concentration, 10 µM). After the catalytic current for H2O2 reduction reached a steady state, an inhibitor was added into the electrolyte solution. The inhibition ratios of the HP activity were evaluated from decreases in the H2O2 reduction current.
Results and Discussion

Catalytic reduction of H2O2
Amperometric measurements were performed for poly(NIPA)-HP-modified electrodes at +150 mV (vs. Ag|AgCl) in an air-saturated phosphate buffer solution (pH 7.4). Upon the injection of H2O2 to the solution after the current reached a steady state, a cathodic current was observed. This current was likely to be due to electron transfer from the electrode to HP. 10 Possible reaction mechanisms were proposed, as follows: 10 ferric HP + H2O2 → compound I + H2O,
compound I + H + + e -→ compound II,
compound II + H + + e -→ ferric HP + H2O,
where compound I and II are oxidized complexes of HP, which are coordinated with oxygen to Fe(IV) of heme. The steady state currents of poly(NIPA)-HP-modified electrodes for the H2O2 reduction (final concentration, 10 µM) are plotted against the temperatures in Fig. 2 . In the case of an HP-modified electrode, the catalytic current increased in proportion to the temperatures. This result suggests that a catalytic activity of HP and/or the diffusion coefficient of H2O2 increased due to the increases in the temperatures. On the other hand, in the case of a poly(NIPA)-HP-modified electrode, the observed behavior was different from that of the HP-modified electrode. The catalytic current increased due to an increase in the temperature up to 30˚C, whereas it gradually decreased above 35˚C. This result indicates that the active site of HP is accessible by H2O2 in the electrolyte solution at temperatures below the LCST, where poly(NIPA) becomes solvophilic, whereas the accessibility is lowered due to a steric hindrance of poly(NIPA) above the LCST where the polymer condenses. From Fig. 2 , the LCST of the immobilized poly(NIPA) might be higher than that of the free polymer (28.5˚C) by a few degrees. If this is the case, the linkage to the hydrophilic polypeptide of HP might be slightly increased by the LCST. It has been reported that the incorporation of hydrophobic comonomers leads to a lower LCST and hydrophilic comonomers to a higher LCST. 2, 4 The catalytic current of the poly(NIPA)-HP-modified electrode for H2O2 reduction appeared to be about 2-times higher than that of the HP-modified electrode at temperatures below LCST. This difference would be ascribed to either the partition coefficient of H2O2 in a poly(NIPA) layer higher than unity, or the catalytic activity of the HP increased due to the polymer, which changes the microenvironment around the active site.
Selectivity control of poly(NIPA)-HP-modified electrodes
The inhibition of the catalytic activity of HP by imidazole was examined at various temperatures. When an inhibitor was added to the HP reaction system (Eqs. (1) - (3)), the reactions were suppressed because the inhibitor coordinated to the sixth coordination site of ferric HP, which is the reaction site for H2O2. As a consequence, the cathodic current for the catalytic reduction of H2O2 decreased. Figure 3 shows the temperature dependencies of %inhibition, R(%) = 100 × (i0 -i)/i0 (i0 and i represent the current responses to H2O2 before and after the addition of the inhibitor, respectively) for 1.0 mM imidazole. In the case of the HP-modified electrodes, the inhibition values were found to be independent of the temperatures over the examined temperature range. On the other hand, in the case of poly(NIPA)-HP-modified electrodes, the inhibition values appeared to decrease at temperatures higher than 30˚C. As discussed previously, this is likely to be due to a steric hindrance of the aggregated poly(NIPA).
The calculated to be 1100 and 500 M -1 for 25.2 and 45.5˚C, respectively. In addition, the inhibition ability of histamine (MW = 111), which has a larger molecular size compared with imidazole (MW = 68), was also examined. In this case, the Kapp values were calculated to be 420 and 340 M -1 for 25.2 and 45.2˚C, respectively. The fact that the difference in the Kapp values of histamine appeared to be smaller than that of imidazole could be rationalized by the larger molecule size of histamine. The transport of histamine is probably interfered by the steric hindrance effect of poly(NIPA) both in its swollen and aggregated states, so that complexation with HP is almost independent of the temperature. Thus, the selectivity of the poly(NIPA)-HP-modified electrode for imidazole was successfully controlled by changing the temperature without affecting the selectivity for histamine. In other words, both imidazole and histamine in the same solution can be, in principle, determined simultaneously by measuring the responses above and below the LCST.
In the current system, however, histamine is still interfering, and the dynamic range of the selectivity to the imidazole is not sufficiently large. This reflects the existence of a certain amount of HP that is not modified with poly(NIPA). To address this problem, it might be necessary to modify HP with the polymer before immobilizing it on the electrode surface. Optimization of the degree of polymerization and/or surface concentration of poly(NIPA) and the introduction of appropriate functional groups to the polymer would also be effective.
